Antisense transcription is a widespread phenomenon in mammalian genomes, leading to production of RNAs molecules referred to as natural antisense transcripts (NATs). NATs apply diverse transcriptional and post-transcriptional regulatory mechanisms to carry out a wide variety of biological roles that are important for the normal functioning of living cells, but their dysfunctions can be associated with human diseases. In this review, we attempt to provide a molecular basis for the involvement of NATs in the etiology of human disorders such as cancers and neurodegenerative and cardiovascular diseases. We also discuss the pros and cons of oligonucleotide-based therapies targeted against NATs, and we comment on state-of-the-art progress in this promising area of clinical research.
. From a mechanistic point of view, antisense transcripts modulate expression and processing of other RNAs in a number of ways (Figure 1 ). The best known and possibly the most frequent way involves recruitment of the gene-silencing Polycomb Recessive Complex 2 (PRC2) that induces trimethylation of the lysine 27 residue in histone 2 (H3K27me3), indicating transcriptionally inactive genomic loci ( Figure 1a ). This cis effect is an example of discordant regulation, in which increased expression of NATs leads to inhibition of gene expression in sense orientation. Alternatively, antisense transcripts can affect the sense transcripts in a sequence-specific manner by coming into direct RNA:RNA interactions, although here also interactions in trans are possible. In a duplex with mated pre-mRNA molecules, NATs cause alternative splicing events (Hu, Wang, & Shan, 2016) by masking splice sites and/or other splicing signals, or they may lead to reduction of transcript availability through nuclear retention (Kumar & Carmichael, 1997) (Figure 1b) . Furthermore, formation of RNA duplexes might trigger editing events by providing ADARs (adenosine deaminases acting on RNA) with double-stranded RNA substrates. Other examples include affecting transcript stability by guiding protein-coding transcripts to degradation within a Staufen-mediated decay pathway or by abrogation of miRNA functions through masking miRNA binding sites in the 3 0 untranslated regions (Figure 1d ). Some NATs also function as microRNA sponges, that is, they contain multiple binding sites that associate with specific miRNAs to prevent them from interacting with other RNAs (Figure 1c ). There are also other known NATs-mediated mechanisms such as transcriptional interference (Figure 1e entering into interactions with splicing factors; these and other functions of NATs are reviewed elsewhere (Rosikiewicz & Makalowska, 2016; Wight & Werner, 2013) . Below we provide a more detailed insight into their selected modes of action, focusing on those involved in the etiology of human diseases or those that are otherwise important from the human health perspective (Table 1) . Our intention is to put most emphasis on the so called cis-NATs, that is, such NATs that have their sense partners in the same genomic locus. We then describe current strategies aimed at harnessing this yet-unexplored regulatory potential of NATs to cure human diseases; finally, we discuss the current progress and future prospects.
| NATURAL ANTISENSE TRANSCRIPTS IN HUMAN DISEASES: MOLECULAR BASIS

| Histone modifications
The NATs are well known to regulate gene expression by recruitment of complex epigenetic machinery, resulting in histone modifications and transcriptional deregulation of target genes (Kaikkonen, Lam, & Glass, 2011) . Polycomb Repressive Complex 1 (PRC21) and 2 (PRC2) represent the two best-described chromatin remodeling complexes, leading to monoubiquitinylation of lysine 119 of Histone 2A (H2AK119ub) and methylation of histone H3 at lysine 27 (H3K27me3), respectively (Cao et al., 2002; Wang et al., 2004) (Figure 1a ). Other proteins involved in chromatin reorganization include Lysine Specific Demethylase 1 (LSD1) and G9a Methyltransferase. LSD1 demethylates histone H3 at lysine 4 (H3K4) (Shi et al., 2004) , while G9a is responsible for di-and tri-methylation of Histone H3 at lysine 9 (Casciello, Windloch, Gannon, & Lee, 2015) . A prominent example of a NAT employing this mechanism is the HOX Transcript Antisense Intergenic RNA (HOTAIR) that promotes HOX gene silencing by interacting with PRC2 and LSD1 and recruiting them to defined genomic loci. HOTAIR is upregulated in a variety of cancers (Gupta et al., 2010) , contributing to their etiology. In breast cancer, one Faghihi et al. (2008) , Faghihi, Kocerha, et al. (2010) , Faghihi, Zhang, et al. (2010) , and Yan, Fan, Zhou, and Vassar (2016) of the most common cancers in women, HOTAIR triggers silencing of metastasis suppressor genes including Protocadherin 10 (PCDH10), Protocadherin Beta 5 (PCDHB5) and Junctional Adhesion Molecule 2 (JAM2) (Croce, 2010) . A similar mechanism was proposed for Antisense Noncoding RNA in the INK4 Locus (ANRIL) initially identified in melanoma patients (Pasmant et al., 2007) . ANRIL is overexpressed in a variety of human cancers, including breast, gastric, liver, lung, melanoma, and prostate carcinomas. The data accumulated so far implicate ANRIL in chromatin reorganization and silencing of the tumor suppressor locus INK4b-ARF-INK4a by interacting with Chromobox 7 (CBX7) and Suppressor of Zeste 12 Protein Homologue (SUZ12), which are components of PRC1 and PRC2, respectively. Moreover, Huang et al. (2015) found increased expression of ANRIL in hepatocellular carcinoma (HCC) and noted its association with tumor size. In HCC, ANRIL recruits Enhancer of Zeste Homologue 2 (EZH2), a component of PRC2, to the Kruppel-Like Factor 2 (KLF2) promoter, triggering epigenetic silencing of this gene. Similarly, Taurine Upregulated Gene (TUG1) enters into interactions with the EZH2 component of PRC2. TUG1, a NAT for MORC Family CW-Type Zinc Finger 2 (MORC2), is associated with poor prognosis in patients with cancers (Ma et al., 2016; Niu et al., 2017) , and its high expression level correlates with increased cancer cell proliferation and metastasis (Xu et al., 2015) . Niu et al. found that in small-cell lung cancer (SCLC), TUG1 interacts with EZH2, leading to deregulation of LIMK2b Kinase, which is implicated in tumor growth. This results in enhanced chemoresistance and growth of SCLC cells (Niu et al., 2017) .
Apolipoprotein A1 Antisense Transcript (APOA1-AS) and its role in the cholesterol pathway can be mentioned as another example of a NAT involved in epigenetic regulation and disease development. The APOA1-AS regulates Apolipoprotein A1 (APOA1), the major protein component of high-density lipoprotein (HDL) in plasma. Importantly, low levels of HDL cholesterol are a major risk factor of cardiovascular diseases (Rader, 2002) . APOA1-AS overlaps the fourth exon of APOA1 and impedes its transcription, most likely by promoting LSD1 assembly to an APOA1 locus (Halley et al., 2014) . LSD1, also known as KDM1A, catalyses demethylation of histone lysine marks from transcriptionally active promoters (reviewed in Shi, 2007) . Interestingly, targeting APOA1-AS with a siRNA leads to increased H3K4 trimethylation in the APOA1 region and enhanced gene expression, suggesting that inhibitory interaction between APOA1-AS and LSD1 was interrupted (Halley et al., 2014) .
| Methylation of CpG islands
Vertebrate promoters are often associated with regions rich in CG dinucleotides, referred to as CpG islands. In the human genome, the CpG islands are found in approximately 70% of annotated gene promoters (Saxonov, Berg, & Brutlag, 2006) . Their methylation leads to decreased transcription by reducing accessibility of DNA regions to transcription machinery (Saxonov et al., 2006) , and some antisense transcripts are implicated in this kind of regulation. An example can be observed in α-thalassemia-an inherited form of anemia caused by disruption in α-Globin synthesis (Muncie & Campbell, 2009; Tufarelli et al., 2003) . Although the abnormal gene expression in α-thalassemia patients is mostly due to mutations in the α-Globin (HBA2) gene sequence, the methylation status of α-Globin CpG islands is changed in the disease as well (Tufarelli et al., 2003) . This phenomenon could be attributed to an α-Globin antisense transcript that arises from a disrupted LUC7-Like (LUC7L) gene localized on the opposite DNA strand in the convergent orientation to the α-Globin cluster. It was proposed that transcription of LUC7L represses expression of HBA2 by triggering methylation of its CpG islands (Tufarelli et al., 2001 (Tufarelli et al., , 2003 . In agreement with this hypothesis, interesting insights have come from the analysis of patients with a deletion of the 3 0 region of the α-Globin locus that leaves the 5 0 part of the HBA2 gene intact. The deletion also affects LUC7L by removing the transcription termination signal, resulting in generation of a long antisense transcript stretching up to the HBA2 promoter. A growing body of evidence shows that methylation of CpG islands of HBA2 is triggered by transcription of this aberrant antisense transcript (Tufarelli et al., 2001 (Tufarelli et al., , 2003 . Moreover, replacement of LUC7L with the Human Ubiquitin C promoter leads to methylation of the HBA2 promoter, suggesting that antisense transcription itself is required rather than the action of the aberrant antisense RNA transcript (Tufarelli et al., 2003) .
| Genomic imprinting
In diploid organisms, the majority of autosomal genes are expressed from both chromosomes, yet a limited subset of genes display parental-specific expression (Barlow & Bartolomei, 2014) . The monoallelic gene expression is achieved through the so-called genomic imprinting, an epigenetic phenomenon that causes modifications at the DNA or histone level during gametogenesis (Barlow & Bartolomei, 2014) . Imprinted genes are often organized into clusters regulated by the imprinting control center (Barlow & Bartolomei, 2014; Delaval & Feil, 2004) . NATs are among the key players in genomic imprinting. They act by formation of NAT:mRNA duplexes that later can either induce RNA interference (RNAi) or coat the chromosomal region and recruit repressive chromatin proteins to target DNA sequences (Barlow & Bartolomei, 2014 ). An example of a disorder caused by disruption in imprinting is Beckwith-Wiedemann syndrome (BWS) (Lee et al., 1999; Smilinich et al., 1999) . Analyses of BWS patients have shown abnormal biallelic gene expression as a result of the loss of maternal-specific methylation in the KvDMR1 cluster at the 11p15.5 chromosomal region (Lee et al., 1999; Smilinich et al., 1999) . Interestingly, in the majority of patients the expression of otherwise transcriptionally silenced KCNQ1OT1 antisense transcript was found. As the orthologous imprinted cluster has been found at the distal end of mouse chromosome 7 - (Caspary et al., 1998) , mouse models were used to analyze KCNQ1OT1 and shed light on the mechanism of NAT action. Experiments have confirmed that Kcnq1ot1 RNA does not form a double-stranded RNA and therefore does not take part in dsRNA-mediated silencing (Thakur et al., 2004) . A recent study by Zhang et al. (2014) has demonstrated the role of Kcnq1ot1 in long-range chromatin interactions. They used a novel RNA-guided chromosome conformation capture approach and showed that Kcnq1ot1 RNA acts as a scaffold for a long-range intrachromosomal loop formation between the KvDMR1 cluster and promoter region. Furthermore, Kcnq1ot1 RNA recruits chromatin modifiers such as PRC1, PRC2 and Euchromatic Histone-Lysine N-Methyltransferase 2 (EHMT2) to maintain monoallelic expression of the KvDMR1 cluster (Pandey et al., 2008; Robbins et al., 2012; Zhang et al., 2014) . Interestingly, KCNQ1OT1 is upregulated in a variety of carcinomas including colorectal cancer (CRC; Nakano et al., 2006 ), yet its mode of action there remains to be elucidated.
Ubiquitin-protein ligase E3A (UBE3A) encodes a component of the ubiquitin protein degradation system and plays a crucial role in the development and function of the nervous system (Greer et al., 2010; Kishino, Lalande, & Wagstaff, 1997; Scheffner, Huibregtse, Vierstra, & Howley, 1993) . The UBE3A gene is biallelically expressed in most human tissues except for brain, where it shows maternal-specific expression (Matsuura et al., 1997; Rougeulle et al., 1997; Vu & Hoffman, 1997) . It is localized in a region of chromosome 15q11-q13, and disruptions in the inheritance of paternal or maternal imprinting in this region are associated with two neurological disorders: Prader-Willi syndrome (PWS) and Angelman syndrome (AS), respectively (Chamberlain & Lalande, 2010; Matsuura et al., 1997) . Genes involved in development of these disorders are under control of the imprinting control center, either the Prader-Willi syndrome imprinting center (PWS-IC) or the Angelman syndrome imprinting center (AS-IC) (Kantor, Makedonski, Green-Finberg, Shemer, & Razin, 2004) . The UBE3A gene is adjacent to a paternally expressed cluster of genes positively regulated by the PWS-IC. This gene was also shown to be downregulated in cis by the antisense transcript known as UBE3A-AS (Rougeulle et al., 1997) . Just as in the case of KCNQ1OT1, and due to the fact that the orthologous region on mouse chromosome 7C is conserved in terms of gene content and PWS-IC function (Yang et al., 1998 ), a mouse model was used to test the molecular basis of the diseases, leading to the conclusion that PWS-IC negatively regulates parental Ube3a gene expression but activates Ube3a-as (Chamberlain & Brannan, 2001 ). Moreover, the deletion of the Ube3a-as promoter region as well as Ube3a-as depletion by early termination of its expression results in activation of the paternal Ube3a gene in mutant mice (Meng et al., 2012) . However, the molecular background of the cis silencing of Ube3a by Ube3a-as is unclear. It can be caused by the presence of the antisense RNA and/or by the transcription event itself. Importantly, the expression of Ube3a-as was also related with maternal imprinting defects (Johnstone et al., 2006) , further supporting the hypothesis that Ube3a-as mediates silencing of the Ube3a gene.
| Modulation of alternative splicing
Alternative splicing of pre-mRNA molecules is a posttranscriptional process that leads to generation of multiple transcripts from a single gene, thus contributing to the observed diversity at transcriptional and protein levels in eukaryotic organisms. UXT-AS1 is an antisense long noncoding RNA that can coordinate alternative splicing of the Ubiquitously Expressed Prefoldin-Like Chaperone (UXT) gene and thereby promote the progression of CRC (Figure 1b ). The UXT gene has two alternatively spliced transcripts, UXT1 and UXT2, that are down-and upregulated in CRC, respectively. Yin et al. (2017) demonstrated that increased expression of UXT-AS1 in CRC cells results in a shift of the splicing pattern from UXT1 to UXT2. UXT-AS1 is supposed to achieve this by base-pairing with UXT pre-mRNA.
Another example is ZEB2 Antisense RNA 1 (ZEB2-AS1), which modulates alternative splicing of the Zinc Finger E-Box Binding Homeobox 2 (ZEB2) gene. This gene encodes a transcriptional repressor of E-Cadherin and is associated with tumorigenesis (Beltran et al., 2008; Petrova et al., 2016) . As with UXT-AS1, ZEB2-AS1 achieves this splicing regulatory function by entering into direct RNA:RNA interactions. ZEB2-AS1 binds to the 5 0 splice site of the first intron in ZEB2 pre-mRNA, which leads to intron retention. Interestingly, the retained intron contains an internal Ribosome Entry Site (IRES) necessary for expanded expression of the ZEB2 protein, while the forms with the intron spliced out have no protein coding capacity. The ZEB2 translation is dependent on the IRES. Thus, the NAT expression indirectly facilitates expression of the ZEB2 protein.
NATs are known to contribute to alternative splicing modulation in the brain, which is known for frequent occurrence of tissue-specific alternative splicing isoforms (Chen & Manley, 2009 ). For instance, 17A ncRNA is considered as a splicing regulator of Gamma-Aminobutyric Acid Type B Receptor Subunit 2 (GABBR2, also known as GPR51). 17A is overexpressed in cerebral cortices of patients with Alzheimer's disease. From studies of neuroblastoma cells, it is known that this NAT induces the synthesis of alternative splice isoforms of GABBR2 and therefore abolishes intracellular signaling, leading to overproduction of neurotoxic β-Amyloid peptide (Massone et al., 2011) . GABBR2 is a component of a heterodimeric Gprotein coupled receptor for gamma-aminobutyric acid (GABA); among other functions, it takes part in the regulation of neurotransmitter release (Geng et al., 2012; White et al., 1998) . The 17A masks two putative splicing-associated sequences, including a branch point and a polypyrimidine tract. As a result, a shorter alternative isoform-lacking the signal peptide-is expressed rather than the canonical full-length splice variant. The signal peptide is required for the intramembrane localization of the GABBR2 protein, leaving the truncated isoform dysfunctional.
A recent bioinformatics analysis pinpointed the possibility that antisense transcripts derived from retrotransposed genes are affecting their progenitor genes by means of full or partial RNA:RNA complementarity, leading to a number of possible regulatory mechanisms in trans (Bryzghalov et al., 2016) . For instance, a transcript transcribed in antisense to human retrocopy retro_hsap_1933 (RetrogeneDB, Kabza, Ciomborowska, & Makalowska, 2014) , referred to as AC021224.1-201 or NONHSAT058863.2, could be involved in splicing regulation of its progenitor gene, Nuclear Ribonucleoprotein Particle A1 Protein (hnRNPA1) (Bryzghalov et al., 2016) . The NAT is able to mask the 5 0 splice site in the sixth intron of hnRNPA1, resulting in production of a longer isoform, while lack of the NAT: pre-mRNA interaction gives rise to a shorter isoform. The shorter isoform was found to play regulatory roles in human immunodeficiency (HIV-1) virus splicing and replication (Bryzghalov et al., 2016) , as it blocks binding of the U2 spliceosomal RNA to the branch points of an intron in the viral tat gene (Damgaard et al., 2002; Tange et al., 2001 ). On the other hand, this isoform lacks protein domains required for canonical functions of the hnRNPA1 protein, that is, alternative splicing activity, stable binding of RNAs and optimal RNA annealing (Bryzghalov et al., 2016; Mayeda et al., 1994) . Therefore, the NAT-mediated modulation of alternative splicing leads to a critical switch in biological roles played by hnRNPA1.
In addition to direct masking of splice sites, NATs can also influence splicing indirectly by altering the activities of splicing factors such as Muscleblind-Like Splicing Regulator 1 (MBLN1) and CUGBP Elav-Like Family Member 1 (CELF1) (Daughters et al., 2009; Wang et al., 2015) . The brain-expressed ATXN8 Opposite Strand (ATX8OS) gene is a natural antisense noncoding RNA overlapping the first exon of the Kelch-Like Family Member 1 gene (KLHL1). In Spinocerebellar Ataxia Type 8 (SCA8), CUG trinucleotide expansions from ATX8OS are thought to mediate sequestration of the MBLN1 protein, leading to a shift in splicing pattern in a number of genes including GABA-A Transporter 4 RNA (GABT4) (Daughters et al., 2009; Moseley et al., 2006) . GABT4 encodes a sodium-dependent transporter of GABA that maintains low extracellular levels of GABA (Borden et al., 1994) . ATX8OS was found to deregulate splicing of the seventh exon in GABT4 in human frontal lobe tissue, which is mediated by both sequestration of MBNL1 and enhanced expression or activity of CELF1 (Daughters et al., 2009 ).
| miRNA sponges
A number of NATs act in trans as competitive endogenous RNAs (ceRNAs, miRNA sponges) (Figure 1c ). They possess multiple binding sites by which they associate with miRNAs and prevent them from interaction with mRNAs. As a result, ceRNAs modulate expression levels of accessible miRNAs and mRNAs under their control (Sen, Ghosal, Das, Balti, & Chakrabarti, 2014) .
One of the first described miRNA sponges is Phosphatase and Tensin Homologue Pseudogene 1 (PTENP1, also known as PTENpg1) (Poliseno et al., 2010) . The PTENpg1 locus encodes three functional transcripts: PTENpg1 sense, PTENpg1 antisense α and PTENpg1 antisense β, which regulate expression of the Phosphatase and Tensin Homologue (PTEN) tumor suppressor gene. By competing for miR21, PTENpg1 reduces interaction between PTEN and miR21, thus suppressing cancer progression (Yu et al., 2014) . This sponge activity of PTENpg1 is made possible by RNA:RNA interaction with PTENpg1 antisense β transcript, which provides the PTENpg1 sense transcript with a polyA tail that is essential for nuclear export and cytoplasmic function of this ceRNA molecule (Grander & Johnsson, 2016; Johnsson et al., 2013) . Interestingly, PTENpg1 α, another antisense splice form, recruits chromatin remodeling complexes to the PTEN promoter, resulting in transcriptional silencing of PTEN and further contributing to this elegant regulatory pathway (Grander & Johnsson, 2016) .
There are more NATs acting as ceRNAs and associated with cancer development and progression. The gene mir-150 is a known tumor suppressor for a variety of carcinomas including CRC (Feng et al., 2014) and osteosarcoma (Qu, Pan, Kang, Dong, & Zhao, 2016) . In HCC, mir-150 suppresses Zinc Finger E-box Binding Homeobox 1 (ZEB1) and thereby inhibits cell invasion and metastasis. An antisense transcript, ZFAS1, is a sponge for mir-150 and is considered as an oncogene in HCC . Interestingly, bioinformatic analysis suggests that ZFAS1 has the potential to sponge mir-590-3p in CRC tissues (Thorenoor et al., 2016 ), yet no experimental validation exists.
TUG1, another antisense lncRNA acting as a competitive endogenous RNA in cancer, is upregulated in endometrial cancer. By miR-299 and miR-34a-5p sponging, TUG1 regulates expression levels of Vascular Endothelial Growth Factor A (VEGFA), which is considered to be the main factor responsible for tumor angiogenesis in human cancers .
| Masking miRNA binding sites
Antisense transcripts can bind to mRNA molecules and mask miRNA binding sites, leading to increased stability of mRNAs that would otherwise be targeted by miRNAs (Figure 1d ). This mechanism has been proposed as an important player in regulation of β-Secretase 1 (BACE1) expression, a crucial enzyme in Alzheimer's disease pathophysiology (Faghihi et al., 2008; Faghihi, Zhang, et al., 2010) . BACE1 can be involved in generation of neurotoxic β-Amyloid peptides by sequential proteolytic cleavages of amyloid precursor protein . Previous studies have shown that concentration as well as enzymatic activity of BACE1 is increased in Alzheimer's disease brains (Fukumoto et al., 2002; Holsinger et al., 2002) . It was reported that the BACE1 Antisense Transcript (BACE1-AS) enhances the stability of BACE1 and therefore may be involved in disease development (Faghihi et al., 2008) . Furthermore, an interplay between miR-485-5p and BACE1-AS was suggested as a potential mechanism involved in this dysregulation (Faghihi, Zhang, et al., 2010) . BACE1-AS overlaps the sixth exon of the BACE1 gene where the miR-485-5p binding site is localized. In line with this hypothesis, in Alzheimer's disease brains, upregulation of BACE1-AS was correlated with downregulation of miR-485-5p. Moreover, overexpression of these two noncoding RNAs is associated with downregulation of BACE1. Finally, further experiments have established that BACE1 is stabilized by its antisense transcript by means of RNA:RNA interactions that lead to masking of a miRNA binding site in BACE1 (Faghihi, Zhang, et al., 2010) .
| Dicer-dependent mechanisms
c-MYC is an oncogene deregulated in various human cancers that promotes cell growth and proliferation (Stine, Walton, Altman, Hsieh, & Dang, 2015) . Napoli, Piccinelli, Mapelli, Pisignano, and Catapano (2017) identified several NATs overlapping the c-MYC gene and its 3 0 distal region and described the complex network of interactions involved in c-MYC expression regulation. One of the NATs, referred to as NAT6531, was found to form a stem-loop, recognized by Dicer, an enzyme that cuts dsRNAs, leading to production of microRNAs or endo-siRNAs (Kim, Han, & Siomi, 2009 ). The NAT6531-derived small RNAs are believed to target the promoter and intron 1 sequences of c-MYC (Napoli et al., 2017) . As suggested by Napoli et al., this regulatory mechanism, based on the interplay between NATs and NAT-derived small RNAs, may represent an important layer of transcriptome tuning that goes beyond c-MYC locus. Intriguingly, the antisense-mediated regulation is not limited to NAT6531 there. Another antisense transcript, NAT7281, is associated with repression of c-MYC transcription and shutdown of NAT6531 and NAT6531-derived small RNAs, contributing a lot to the observed regulatory complexity in the c-Myc locus (Napoli et al., 2017) . A dicer-dependent mechanism was also suggested in Huntington's disease (Chung, Rudnicki, Yu, & Margolis, 2011) , a neurodegenerative disorder caused by CAG trinucleotide repeat expansion within the first exon of the Huntingtin (HTT) gene. Huntingtin Natural Antisense Transcript (HTTAS) seems to play a regulatory role on the HHT gene. Chung et al. (2011) used the mouse Dicer-null and wild-type embryonic stem cells as well as different HTTAS constructs to investigate the possible roles of Dicer in silencing of HTT. In line with previous experiment conducted on human embryonic kidney cells, high levels of one isoform of HTTAS, referred to as HTTAS_v1, lead to reduced expression of HTT in mouse wild-type embryonic cells. Contrary to wild-type cells, the expression of HTT in Dicer-null lines significantly increased in spite of the presence of HTTAS_v1. Both observation strongly support the involvement of Dicer in regulation of HTT by NATs.
| Other associations with diseases
In addition to NATs for which mechanisms of action in diseases are quite well established, the exact molecular functions of most NATs are not fully understood. This is because of a lack of experimental evidence as well as the complexity of the underlying phenomena, leading to ambiguity in interpretation of results, especially now that multiple NATs are believed to be implicated in more than one mode of action. Some examples were provided above. Another such antisense noncoding RNA is TRAF3IP2-AS1, for which at least two different mechanisms have been proposed. Firstly, it can be involved in the epigenetic modulation of the TRAF3 Interacting Protein 2 gene (TRAF3IP2) through alterations of the chromatin state (Bannon et al., 2015) . In line with this, overexpression of TRAF3IP2-AS1 leads to significantly decreased expression of at least one of the TRAF3IP2 transcripts. Secondly, it was proposed that TRAF3IP2-AS1 can be involved in the posttranscriptional control of TRAF3IP2 expression by formation of RNA:RNA duplexes (Morelli, Magnanini, Mungall, Negrini, & Barbanti-Brodano, 2000) , as the NAT overlaps the second exon of the TRAF3IP2 gene where the start codon of one of protein-coding isoforms is located. TRAF3IP2-AS1 seems to be present exclusively in the nucleus, compared to the global cellular distribution of TRAF3IP2, reinforcing possible regulatory functions of this NAT (Bannon et al., 2015) . Further examples of NATs with not yet fully resolved modes of action come from studies on NAT: protein interactions. HighMobility Group Box 2 (Hmgb2) is a multifunctional protein participating in regulation of gene transcription by modulating transcription factor activity (Reeves, Langan, & Nissen, 1991; Wanschura et al., 1996; Yamanaka et al., 2015) . An interplay between this protein and an antisense transcript called LPR1-AS was suggested to be relevant in Alzheimer's disease (Yamanaka et al., 2015) . LPR1-AS is an antisense transcript of Low Density Lipoprotein Receptor-Related Protein 1 (LRP1)-a large multifunctional endocytic receptor implicated in a variety of physiological processes (Lillis, Van Duyn, Murphy-Ullrich, & Strickland, 2008) . Among its functions, LPR1 is involved in removal of soluble β-Amyloid (Kang et al., 2000; Shibata et al., 2000) . A further analysis confirmed that Lrp1-AS binds to Hmgb2 (Yamanaka et al., 2015) . In turn, Hmgb2 can interact with Sterol Regulatory Element-Binding Protein 1a (Srebp1a)-a transcription factor of Lrp1 (Bown et al., 2011) . As a consequence of Lrp1-AS binding to Hmgb2, the inhibition of Srebp1a transcriptional activity occurs, and expression of Lrp1 is decreased. Intriguingly, RNA:RNA base-pairing with Lrp1 mRNA prevents the interaction between Lrp1-AS and Hmgb2 (Yamanaka et al., 2015) .
Although in many cases the mechanism behind a NAT's action has not been resolved, a significant portion of them represent promising molecular markers for human disorders. Above all, differentially expressed NATs are prognostic and diagnostic markers in a variety of cancers. A prominent example is HOTAIR, which is significantly overexpressed in multiple tumors including breast (Gupta et al., 2010) , colorectal (Kogo et al., 2011) , hepatocellular (Yang et al., 2011) , and pancreatic (Kim et al., 2013) carcinomas; its upregulation is associated with poor prognosis among patients. Importantly, besides being dysregulated in a disease, the optimal markers should be stable and easily detectable in body fluids. For example, Prostate Cancer Associated 3 (PCA3) is significantly upregulated in prostate cancer (PC; Bussemakers et al., 1999) . PCA3 is more specific than prostate-specific antigen (PSA), which is commonly used to predict the risk of PC occurrence. Moreover, the PCA3 test is a noninvasive assay, allowing the measurement of PCA3 expression in patient urine samples (Bussemakers et al., 1999) .
| Related databases
Data from high-throughput experiments provide more and more information about NATs that are potentially associated with development of disease or that can be used as promising molecular markers. Despite this fact, there is lack of frequently updated and well-maintained human NAT-oriented databases. However, a variety of information may be taken from wider data collections. For example, the basic characteristic of NATs, including genomic location, gene structure and sequence, can be established based on the Ensembl Genome Browser (Yates et al., 2016) . In this database, 11,387 antisense transcripts assigned to 5,895 human genes (GRCh38.p10 human genome assembly) are annotated. According to Transcription Support Level (TSL) provided by GENECODE (Harrow et al., 2012) , 965 of these are supported by at least one nonsuspect mRNA, whereas 2,088 and 3,103 are supported by multiple or single Expressed Sequence Tags (EST), respectively. Gathered together, approximately 54% of antisense transcripts from Ensembl are quite well-supported in terms of structural models and may be considered as not speculative.
As the application of long noncoding RNAs as disease markers (including NATs) is now a field of intensive research, hundreds of related publications exist in the public domain, and this has triggered development of very specialized databases. A noteworthy example is the Lnc2Cancer (Ning et al., 2016) database that collects experimentally supported associations between human lncRNA and cancer. Importantly, the data are manually curated and include as many as 666 lncRNAs in 97 cancer types along with their functional description, expression patterns and references in the published literature. According to Ensembl annotations, at least 79 of those lncRNAs represent genes encoding antisense transcripts. As a further example, LncRNADisease (Chen et al., 2013 ) is a platform for searching and analyzing experimentally supported lncRNA-disease association data from 166 diseases. This online resource also implements a bioinformatics tool designed to predict novel lncRNA-disease associations based on the genomic context of a given lncRNA. A 120 of stored lncRNAs are annotated in ENSEMBL or NCBI as antisense transcripts. Another useful yet highly specialized database is KTCNlncDB, which focuses on lncRNAs expressed in human keratoconus and nonkeratoconus corneas (Szczesniak et al., 2017) . The database contains a collection of 16,331 lncRNAs, including 2,222 NATs, obtained from the analysis of RNA-Seq experiments conducted on 50 samples from patients with disease or from healthy controls. In addition to lncRNA characteristics, the database provides information about predicted functional lncRNA-RNA interactions. From the remaining resources for NATs-related data, at least two additional databases deserve mentioning: the LincSNP 2.0 (Ning et al., 2017) database and the lncRNASNP (Gong, Liu, Zhang, Miao, & Guo, 2015) database. Both store data on disease-associated single nucleotide polymorphisms (SNPs) in genes.
| THERAPEUTIC APPLICATIONS
As discussed above, NATs employ a number of mechanisms, frequently leading to changes in the expression of their mate protein-coding genes that are transcribed in sense orientation. Although there are reports of NATs showing concordant regulation whereby inhibiting NATs leads to decreases in levels of sense transcripts, most of the functionally described NATs appear to repress the expression of protein coding genes; this is referred to as discordant regulation. Keeping in mind that as many as 70% of mammalian genes have antisense partners (Katayama et al., 2005) , inhibiting NATs could be widely applied to enhance expression of other genes (Wahlestedt, 2006) , providing a potent tool to develop molecular and pharmacological strategies. In fact, this approach was first published a long time ago (Katayama et al., 2005) , but only now has technology allowed successful applications, including treatment of hitherto incurable diseases. Importantly, there are several features of NATs that make them excellent targets for therapy. First, these noncoding RNAs typically act in cis, and therefore only the genes of interest are affected (Modarresi et al., 2012) ; this gives hope for development of highly targeted therapeutic drugs. Modulating NATs will only have an effect in cells that express the targeted RNA, leaving other cells (e.g., healthy ones) unaffected. In addition, it often appears difficult or even impossible to design a small molecule specific enough to target only a given protein, especially if similar, related proteins exist. There is also a problem with complex proteins in that it is challenging to block all key functions or only selected ones.
On the other hand, antisense transcripts produce no proteins (Khorkova, Myers, Hsiao, & Wahlestedt, 2014) , leaving most classical approaches that use small molecule drugs ineffective. Therefore, to affect these RNA molecules-either their expression or processing-oligonucleotide-based strategies have been developed. Chemically, these oligonucleotides can be divided into two categories: antisense DNA oligonucleotides (ASOs) and duplex RNAs. The two types act via different mechanisms (Figure 2 ). ASOs themselves are functionally and structurally diversified. Gapmers are ASOs that consist of a DNA gap flanked by chemically modified bases that increase its binding to complementary RNAs and provide higher resistance against nucleases (Deleavey & Damha, 2012; Watts & Corey, 2012) . Gapmers form a heteroduplex with mate RNAs that is then recognized by RNase H1, a nonsequence-specific endonuclease that specifically cleaves the RNA strand (Stein & Hausen, 1969) (Figure 2a ). Another class of ASOs (lacking a central gap) bind to RNA molecules and block access for splicing factors, thus affecting splicing pattern of the RNA molecule (Deleavey & Damha, 2012; Watts & Corey, 2012) .
Duplex RNAs, on the other hand, function through RNAi mechanisms, where they cleave the targeted RNA molecules much like endogenous siRNAs (Wilson & Doudna, 2013) (Figure 2b ). However, alternative modes of action are possible. For example, like ASOs, they can induce chromatin modifications and modulate transcription by targeting promoterassociated RNAs (Figure 2c ). It is difficult to say whether ASOs or duplex RNAs are superior, but their choice might be in large part dictated by cellular localization of the target antisense transcripts (Lennox & Behlke, 2016) . Generally, ASOs seem to be more reliable in nuclei (Lennox & Behlke, 2016) , so they might be preferentially used to modulate expression of nuclear antisense RNAs, while duplex RNAs might be oligonucleotides of choice when a target is believed to function in the cytoplasm.
The best-studied therapeutic oligonucleotides are those designed against mRNAs and miRNAs. Six of these provide clear clinical benefits and are Food and Drug Administration (FDA)-approved for the treatment of conditions such as macular degeneration (Stein & Castanotto, 2017) , and many more are currently being clinically tested (Matsui & Corey, 2017) . Therefore, although still at its infancy, designing oligonucleotides targeting antisense lncRNAs can take advantage of previous experience with other classes of RNAs. However, application of NATs as targets for oligonucleotide-based therapies has plenty of difficulties. First, even though it is generally easier to design an oligonucleotide complementary to RNA of interest than to design a small molecule targeting proteins, the oligonucleotides often cause the so-called off-target effect, that is, other than intended interactions occur, frequently leading to adverse phenotypic effects. The off-target effect can be provoked in several ways. First, oligonucleotides might bind to proteins and induce a nonspecific reaction such as the interferon response (Krieg, 2012) . They can also show partial complementarity to unintended targets, especially given that even partially complementary nucleic acids can interact. There are also toxicological challenges including proinflammatory effects, nephrotoxicity, thrombocytopenia, and hepatotoxicity (Frazier, 2015) . These and other adverse effects have been previously reviewed and discussed (Engelhardt et al., 2015; Frazier, 2015) . There are, however, ways to minimize the consequences of the off-target effect such as designing the antisense drugs while considering a detailed bioinformatics analysis for identification of potential targets showing both full and partial complementarity (Bennett & Swayze, 2010) . Additionally, it is generally advisable to test multiple oligonucleotides per target gene and consider alternative hypotheses to explain the observed results (Matsui & Corey, 2017) . The mechanisms of action for antisense lncRNAs are often obscure. This can raise problems, as in the case of Genasence, an oligonucleotide-based drug that initially yielded promising results. Clinical trials showed almost no beneficial effect in patients (Bedikian, Garbe, Conry, Lebbe, & Grob, 2014; Lai et al., 2003) . It was later demonstrated that the observations from initial studies were most likely triggered by sequence-independent processes and resulted from the off-target effect (Lai et al., 2003; Winkler, Stessl, Amartey, & Noe, 2010) . Another example involves attempts to restore the correct splicing pattern in an IDS gene associated with mucopolysaccharidosis II. Oligonucleotides expected to restore the right splicing pattern triggered production of yet another aberrant splice form. It later appeared that the oligonucleotides used were masking a cisacting element essential for 5 0 splice site recognition, once again highlighting the importance of functional studies aimed at understanding the mechanism of action for both oligonucleotides and the NAT before attempting clinical trials. Similarly, it should be resolved whether the NATs of interest act in the nucleus or in the cytoplasm; this is associated with both proper understanding of the underlying mode of action and choice of the targeting strategy (Lennox & Behlke, 2016) . Last but not least, one of the most serious obstacles en route to the clinical translation of oligonucleotide-based approaches is their relatively poor delivery to target organs and tissues after systemic delivery. It is assumed that on average < 1% of oligonucleotides reach the correct cellular compartment (Godfrey et al., 2017) , and further progress is dependent on better understanding of the mechanisms underlying cellular uptake, transport and metabolism. Increasing the intravenously administered doses in order to deliver sufficient amounts of therapeutic oligonucleotides to targeted cells is restricted by their associated toxicity. Furthermore, their circulation is restricted due to the natural tissue barriers such as the bloodbrain barrier: direct delivery to the central nervous system is the most commonly used method and is achieved through intracerebroventricular or intrathecal injection. However, this kind of therapy is relatively expensive and requires specialist expertise as well as hospital visits.
Despite the abovementioned barriers to developing NAT-based therapies, substantial progress has been achieved in recent years-first due to advancements in chemistry and technology, and second thanks to our better understanding of the biology behind antisense transcription and its RNA products. As a result, several successful research projects have been performed, and some therapies have reached clinical phases. Selected cases are now being thoroughly investigated and augur efficient therapies for thus far incurable conditions. Some examples are described below.
| UBE3A-ATS: Angelman syndrome
Oligonucleotide strategies to activate gene expression-by means of targeting the inhibitory NATs-could be beneficial in the treatment of diseases arising from haploinsufficiency such as Angelman syndrome. Angelman syndrome is a neurodevelopmental disorder with no known curative treatments. It results from lack of function of the maternal gene UBE3A (encoding E3 Ubiquitin Protein Ligase) as a consequence of a mutation, usually a deletion, that affects this gene. As the paternal version is genetically imprinted, that is, silenced in cis by its antisense transcript, no active copy of the gene remains (Meng et al., 2012; Rougeulle, Cardoso, Fontes, Colleaux, & Lalande, 1998) . Inactivation of the antisense transcript should therefore lead to derepression of the parental gene and compensate for the lack of expression from the maternal allele. Indeed, in mice the reduction of antisense RNA (Ube3a-ATS) expression with two ASO gapmers triggers substantial increase of paternal allele expression (Ube3a) (Meng et al., 2015) . Administration of ASOs partially reversed some cognitive defects in mice. Importantly, the expression of other genes expressed from the same locus (Snrpn, Snord115, and Snord116) was not affected.
3.2 | APOA1-AS: cholesterol metabolism APOA1, the major protein component of HDL in plasma (Barbaras, Puchois, Fruchart, & Ailhaud, 1987) , has an antisense transcript, APOA1-AS, that acts as a negative transcriptional regulator of APOA1 both in vitro and in vivo (Halley et al., 2014) . As a consequence, inhibition of APOA1-AS in cultured cells results in the increased expression of APOA1. Chromatin immunoprecipitation analyses indicate that APOA1-AS can modulate histone methylation patterns that mark active and/or inactive gene expression (Figure 2c) . Finally, targeting APOA1-AS using ASOs also leads to an increase in APOA1 expression in human and monkey liver cells. Altogether, these findings promise a strategy to control cholesterol concentration. This is especially important in that low HDL cholesterol concentration reflects increased susceptibility to cardiovascular diseases, and raising HDL pharmacologically remains a proposed strategy to reduce the occurrence of cardiovascular diseases (Rader, 2002) .
| SCN1ANAT: Dravet syndrome
Another example of discordant regulation is SCN1A. Depleting its antisense transcript (SCN1ANAT, also known as AC010127.3) or blocking the antisense transcript's interactions with epigenetic proteins by means of oligonucleotides leads to upregulation of this protein-coding gene (Li & Rana, 2014; Stein et al., 2010) . It was demonstrated that ASOs are able to partially reverse the disease phenotype in a mouse model of Dravet syndrome (Kaboli, Rahmat, Ismail, & Ling, 2015) .
| BDNF-AS: neurodegenerative disorders
BDNF (brain-derived neurotrophic factor) belongs to a class of neurotrophins that function as growth factors and are essential in different aspects of neuronal biology, including their growth, differentiation and maintenance (Hasbi et al., 2009; Yoshimura, Ito, & Endo, 2009) . Some psychiatric and neurodegenerative disorders are associated with impaired expression levels of neurotrophins (Dell'Osso et al., 2010; Frade & Lopez-Sanchez, 2010; Laske et al., 2011) . Therefore, their upregulation is expected to have beneficial effects in at least some conditions. BDNF has its antisense partner (BDNF-AS or BDNF-OS), downregulating expression levels of BDNF in vivo and in vitro as in the three cases described above. Additionally, upregulation of BDNF has been achieved in a locus-specific manner by inhibiting BDNF-AS transcripts with ASOs (Modarresi et al., 2012) (Figure 2a ).
| BACE1-AS: Alzheimer's disease
The Beta-Site Cleavage Enzyme 1 (BACE1) and its antisense transcript (BACE1-AS) are examples of concordant regulation whereby the NAT stabilizes BACE1 by masking microRNA binding sites (Figure 1d ). Both BACE1 and BACE1-AS expression are elevated in patients with Alzheimer's disease (AD). BACE1 plays a rate-limiting role in production of β-Amyloid, a peptide fragment that is pathogenic in AD, making it an attractive target for pharmaceutical companies. Unfortunately, blocking BACE1 activity with conventional drugs leads to adverse effects that are most likely associated with other molecular functions of the enzyme (Willem, Lammich, & Haass, 2009) . It was reported, however, that infusion of siRNAs against BACE1-AS into mouse brains leads to decreased levels of BACE1-AS and its sense partner BACE1 at mRNA and protein levels (Faghihi et al., 2008) (Figure 2b) . As a result, reduced soluble levels and aggregation of β-amyloid were observed in vivo. Therefore, indirect reduction of BACE1 cellular levels by means of targeting its antisense transcript, rather than switching the gene completely off, represents an opportunity to pharmacologically control AD-associated aggregation of β-Amyloid when traditional approaches are not effective.
In spite of the fact that oligonucleotide-based therapies, with all their pros and cons, seem to be the most promising and clinically advanced approach for treatment of NAT-associated diseases, other strategies are possible as well, in particular a CRISPR-Cas9 system (clustered regularly interspaced short palindromic repeats-associated nuclease 9). For example, recent reports have shown that CRISPR-Cas9 components are able to in vivo correct a gene mutation in mouse models of Duchenne muscular dystrophy and rescue the disease phenotype (Long et al., 2016; Nelson et al., 2016; Tabebordbar et al., 2016) . Although this is a significant step forward on the way to bring CRISPR-Cas9 to the clinic, there are several major difficulties there, such as off target effects, poor fitness of edited cells or immunogenicity of CRISPR-Cas9 components (reviewed in Dai et al., 2016) . Application of the system in the area of antisense RNAs might be even more challenging than that, as cisNATs share genomic regions with their mate genes, making it harder to avoid the off target effect.
| CONCLUSION
NATs are now recognized as an essential component of the human transcriptome, though we are only beginning to explore their biological relevance and their regulatory mechanisms. The fact that they are required for metabolism of healthy cells as well as blamed for causing human diseases opens up the possibility of using them in medical research and clinical applications. First, they can serve as biomarkers for diseases, especially since-as opposed to mRNAs-they are functional at the RNA level; hence their expression is expected to be a better indicator of disease than protein-coding transcripts. Additionally, they represent promising targets for new therapeutic strategies. Successful manipulation of NATs and other long noncoding RNAs in vitro and in vivo with oligonucleotide technology triggered the interest of pharmaceutical companies such as OPCO (http://www.opko.com/), which is developing a CURNA platform utilizing antagoNATs (ASOs against NAT transcripts) to suppress the activity of disease-causing NATs. The company is currently screening over 400 gene targets and is conducting preclinical studies for proteins associated mostly with orphan diseases, that is, conditions affecting less than 200,000 American citizens (Orphan Drug Act, FDA) including Dravet syndrome, Rett syndrome, and mucopolysaccharidosis I. It therefore appears imminent that in spite of the abovementioned technical impediments, NATs will become targets for ncRNA-based strategies against diverse human conditions including cancer, cardiovascular, neurological, and muscular diseases. 
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